Corrosion behavior of P110 steel in simulated oilfield produced water was researched by weight loss, electrochemical methods and surface analysis methods. Effects of temperature and CO2 partial pressure were discussed. Weight loss experiment results showed that the corrosion rates increased firstly and then decreased gradually with temperature, and reached maximum at 60℃. The effect of CO2 was more obvious at low temperature, and the effect weakened with the increasing of temperature. General corrosion took advantage at low temperature. But local corrosion appeared at temperatures higher than 90 ℃ . According to the electrochemical analysis, the corrosion rates increased with immersing time at 60℃. However, the corrosion rates decreased with the corrosion proceeding at 90℃. Surface analysis shows the incomplete FeCO3 film enhanced the general corrosion at 60℃. When the temperature raised to 90℃, the corrosion products were Fe2O3 and Mg3Ca(CO3)4. Although the compact Fe2O3 film restrained the general corrosion, the existence of Mg3Ca(CO3)4 induced the pitting corrosion.
INTRODUCTION
In recent years, more and more oilfield produced water was produced which has much salinity, higher temperature and CO2 concentration, so the corrosion rates of metals were enhanced commonly [1] [2] [3] . P110 steel is extensively used in the oil industry as oil casing. The corrosion of P110 steel is extremely serious because of the harsh environment of oil casing. Therefore, it is important to study the corrosion of P110 steel in oilfield produced water.
A great many researchers [4] [5] [6] [7] have proposed that increasing temperature could build up the occurrence of corrosion by accelerating chemical reactions, electrochemical reactions, and mass transfer process. Zhu [8] believed that temperature can influence the corrosion rate of steel matrix and the precipitation of FeCO3. Honarvar [9] claimed that the threshold temperature of forming FeCO3 layer was 65℃. The apparent density and thickness of FeCO3 scale were advanced by increasing temperature. Mendili [10] and Li [11] confirmed a conclusion that the environmental temperature affected the steel corrosion by controlling the formation and diversification of the corrosion products film.
The CO2 partial pressure is another key factor for CO2 corrosion. It has been recognized that CO2 corrosion is one of the most serious corrosion types in oil well [12] . Carbon dioxide gas hydrates in water and changes into carbonic acid, which is more harmful than hydrochloric acid at the same pH level. Many researchers [12] [13] [14] [15] thought that CO2 partial pressure was a critical factor for CO2 corrosion, so it was usually used as a criterion to evaluate the corrosively. Although the change of CO2 partial pressure does not change the corrosion mechanism, the corrosion rates of X65 pipeline steel under high CO2 partial pressure are much higher than that at low CO2 partial pressure [16] . Besides, the CO2 partial pressure has the ability to change the type of corrosion. When the CO2 partial pressure increases to 4 MPa, the corrosion type became localized corrosion [11] . Choi [17] obtained information about the CO2 corrosion characteristics of deep water oil production tubing material with the condition of high temperature and pressure. Serious pitting corrosion was found on the specimens at about 90℃. They deemed that the primary determinant of corrosion style was temperature, and the CO2 partial pressure had the power to accelerate the pitting corrosion.
With the exploration of oil wells going deeper, the carbon steels are exposed to higher pressure, higher temperature, and a more corrosive environment with the partial pressure of acidic gas CO2 increasing exponentially with depth. However, to date, the work on the corrosion of P110 steel which always used to be oil casing in oilfield with high CO2 partial pressure under high temperature and pressure is insufficient. In this work, the corrosion behavior of P110 steel in oilfield produced water was investigated, and the corrosion mechanism was also explored.
EXPERIMENTAL MATERIALS AND METHODS
The experimental material was P110 steel, which is commonly used in oilfield casing system. Its composition (wt %) is listed in Table 1 . 
Weight loss test
Weight loss tests were conducted in a ZCF-2L autoclave made from Ti alloy to investigate corrosion rates of P110 steel. The test specimens were machined to a size of 50mm×10mm×3mm. Tests were carried out in the autoclave at total pressure of 5.0 MPa for 72 h. The detailed test conditions of weight loss tests were as follows: five temperatures of 40, 60, 80, 90, and 110℃, four CO2 partial pressures of 0.5, 1.0, 2.5, and 4.0 MPa. Three equivalent specimens were used in each test in order to ensure the reproducibility. 1.4L simulated oilfield produced water was added in the autoclave and the total volume of autoclave was 2L. Before the tests, high purity (99.99%) nitrogen gas was immitted into the autoclave for 2h to remove dissolved oxygen from the solution. The specimens were cleaned with distilled water and ethanol, dried, and weighted using FA2004N-digit electronic balance with a precision of 0.1mg. Their dimensions were measured accurately with a vernier caliper before weight loss test.
After the test was completed, the corroded specimens were rinsed with distilled water. The corrosion products were removed with the deruster containing hexamethylenetetramine and hydrochloric acid, and then rinsed and dried again. The corrosion rate Vcorr (mm/a) was calculated by the following formulas:
Where m0 and mt are the original weight and final weight of specimens, respectively, g; S0 is the exposed surface area of specimens, m 2 ; t represents the immersion time, h; and ρ is the steel density, g/cm 3 .
Electrochemical measurement
Electrochemical measurements were performed with a three-electrode cell through a GAMRY (USA) electrochemical workstation. The working electrodes were cut into 10mm×10mm×3mm plates and then coated with epoxy so that only one 10mm×10mm face was exposed to the solution. A platinum plate was used as counter electrode, and the reference electrode was an Ag/AgCl/Cl -electrode, which was a specially designed solid electrode for high pressure test.
Prior to electrochemical measurements, the electrode was immersed in the test solution for a while until steady-state corrosion potential was reached. The experiments were repeated for several times to ensure the reproducibility. Electrochemical impedance spectroscopy (EIS) were measured at open circuit potential (OCP) by an applying a sinusoidal voltage signal of 5 mV in a frequency range of 100 kHz to 10 mHz. The results of EIS measurements were analyzed by Zview software with a suitable equivalent circuit model. Potentiodynamic polarization curves were measured by scanning at the potential from -200mV to +200mV vs. OCP and the sweep rate was 40mV/min.
Surface analysis
The surface morphology was characterized by a JSM-6700F scanning electron microscope (SEM) and corrosion products were analyzed by D8 ADVANCE X-ray Diffraction (XRD). The sizes of pits exiting on the specimens were measured with 3D Confocal Laser Scanning Microscope (CLSM) of LEXT OLS4000. Figure 1 . Corrosion rates of P110 steels in stimulate oilfield produced water at different conditions Figure 1a shows the values of corrosion rate obtained from weight loss tests as the function of temperature in simulated oilfield produced water. The average corrosion rate was used in the paper. It shows that, in all cases of CO2 partial pressure, the corrosion rates of P110 steel increased from 40℃ to 60℃ and the biggest appeared at 60℃. The highest corrosion rate was up to 7.024 mm/a when the CO2 partial pressure was 4.0 MPa. Then, the corrosion rates decreased sharply from 60℃ to 90℃ and reached a relatively stable value between 90℃ and 110℃. At 110℃, the steel corrosion rates were almost equal in the four CO2 partial pressure conditions. Some similar results were also reported by Yucheng Zhang [16] , Y Xiang [18] and Choi [19] . Figure 1b shows the corrosion rates of P110 steel in simulated oilfield produced water at different CO2 partial pressure. The result indicates that the corrosion rates increased with the increasing of CO2 partial pressure. At a constant temperature, the CO2 partial pressure affected corrosion process significantly by determining the type of protective scale [20] . Overall, with the change of temperature, CO2 partial pressure affected the rates of metal corrosion in different degree. At low temperature (40℃, 60℃ and 80℃), CO2 partial pressure had a substantial impact on the corrosion rates. The influence of CO2 partial pressure on corrosion rates became weak when the test temperature exceeded 80℃, and it could hardly affect the corrosion rates at 110℃.
RESULTS AND DISCUSSION

Weight loss test
There may be two possible reasons for this result. The first is temperature. As we can know from many published literatures [21] [22] [23] , conditional temperatures always try to affect steel corrosion behavior by controlling the formation and development of corrosion product film. Different corrosion products may lead to different corrosion types and affect the corrosion rates [24] [25] [26] [27] [28] . This reason will be discussed in detail in the following part of this paper. The second reason comes from CO2 [29] . The carbon dioxide has different solubility in simulated oilfield produced water at different temperature. As studied by Choi [19] and Deng [30] , the concentrations of CO2 and carbonic species (H2CO3, HCO3 -, and CO3 2- ) decreased with temperature. At low temperature (40℃, 60℃ and 80℃), the solubility is high, and the amount of dissolved CO2 increases with the increasing of CO2 partial pressure, which will lead to higher corrosion rate. When the test temperature exceeded 80℃, the amount of dissolved CO2 decreased. As a result, the corrosion rates decreased and the influence of CO2 partial pressure moderated at the same time. Figure 2 and Figure 3 are the surface morphology of the specimens at 80℃ and 90℃ under different CO2 partial pressure, respectively. They are the orthograph of the specimens. As shown in Figure 2 , the surfaces of specimens were quite smooth. When the temperature is less than or equal to 80 degrees, uniform corrosion occurred regardless of the pressure. Lisiane [31] found that uniform corrosion was predominant at 80℃ regardless with or without CaCO3. But, in Figure 3 , obvious pitting corrosion was observed on the specimens under all CO2 partial pressure at the temperature of 90℃. With the rise of temperature, the corrosion style of P110 steel changed from general corrosion to local corrosion. The 3D Laser Scanning Confocal Microscope was performed to further observe the pitting corrosion and to express local corrosion significantly of P110 steel. Some characteristic parameters of pitting corrosion such as pitting depth, width and density could be obtained from the 3D photographs. The characteristic parameters of pitting corrosion were listed in Table 3 and the evaluations of pitting corrosion level were according to the standard pattern [32] .
Pitting coefficient represents the ratio of maximum pitting depth and average corrosion depth which was obtained from weight loss test. This coefficient was used to evaluate the sensitivity of pitting corrosion. When the pitting coefficient is higher than 1, the corrosion type of the specimens is pitting corrosion. A higher pitting coefficient means more obvious pitting corrosion.
Pitting corrosion characteristic parameters at 90℃ such as maximum pitting corrosion depth, average pitting depth and pitting coefficient were all bigger than that at 110℃, which indicated that the severity of pitting corrosion increased with the increasing of temperature. Comparing to the standard pattern, pitting depth and size were both on the first level. However, the density of corrosion hole was nearly on the top level. From the overall, the pitting corrosion of P110 steel in oilfield produced water at 90℃ and 110℃ was extremely serious. 
Electrochemical analyses
It can be known from the weight loss tests and the surface morphology of the specimens that the most serious general corrosion happened at 60℃ and obvious local corrosion appeared at 90℃. So electrochemical tests and surface analysis were conducted at the conditions of 60℃ and 90℃ to study the corrosion mechanism of P110 in simulated oilfield produced water.
Results at 60℃
The potentiodynamic tests were performed to study characteristics of the anodic and cathodic reactions of electrodes with and without corrosion products. Figure 4 is the polarization curves of P110 steel at the beginning and the end of the test at 60℃. It is obviously that the corrosion potential hardly changed in the whole test process. With the increasing of CO2 partial pressure and immersion time, the corrosion current increased. The CO2 partial pressure had a significant effect on the cathodic process at initial time. The influences of CO2 partial pressure retarded over time. Electrochemical corrosion kinetics parameters such as corrosion potential (Ecorr), anodic and cathodic Tafel slopes (ba, bc) and corrosion current density (icorr) were listed in Table 4 . Table 4 showed that the corrosion potential stayed on a steady level relatively. The Tafel slopes of anode and cathode both increased after immersed in the oilfield produced water for 72 hours. Relatively speaking, the anodic Tafel slopes ba barely changed, which indicated that the anodic reaction didn't change in the test process. On the contrary, the cathodic Tafel slopes bc changed a lot, it can be said that the corrosion products make a difference to cathodic reactions, which means that the mechanism of the cathodic reactions changes with the corrosion proceeding. The cathodic slopes bc were much bigger than anodic slopes ba at the same test conditions. That is to say, the corrosion process was mainly dominated by cathode reaction in this condition. Figure 5a showed the results of EIS tests of P110 steel at different immersion time. At the initial immersion stage, the Nyquist curve only contained a single capacitive semicircle over the whole frequency range because of the smooth surface of specimen and the absence of corrosion product. With the corrosion proceeding, the Nyquist curve contained a capacitive semicircle in the high frequency region and an obvious inductive arc in the low frequency region, which corresponded to two time constants. Comparing the Nyquist curve at different time, the capacitive arc had a greater radius corresponding to a relatively lower corrosion rate. The radius of the capacitive arc decreased means the corrosion rates of P110 steel increased in simulated oilfield produced water after immersing 12h. For the Nyquist curve with only one time constant, a three-element equivalent circuit (Fig. 5b ) was used to fit. A five-element equivalent circuit (Fig. 5c ) was used to fit the Nyquist curve with two time constants. The impedance parameters obtained by circuit fitting are listed in Table 5 .
Charge-transfer resistance Rct is usually used to evaluate the corrosion resistance of the electrode. The higher Rct means the greater resistance of metal ionization process, which indicates the better corrosion resistance of metallic materials. At the initial stage of immersion, Rct was 77 Ω·cm 2 , which was higher than the other followed values. After the electrode immersed in the oilfield produced water for 12 hours, Rct decreased to 48 Ω·cm 2 . And then, the value of Rct increased as the experiment went on and almost the same as the initial value in the end. In the first 12 hours of the experiment, there were not corrosion products on the surface of electrode and the electrode contacted the corrosive electrolyte directly. So the corrosion rate increased sharply. With the corrosion proceeding, corrosion products accumulated on the electrode surface and form a corrosion product scale, which retard the corrosion of electrode. So the value of Rct increased. However, all the values of Rct were low in general, and the corrosion rates were fast, which were very identical to the results of weight loss test at 60℃. On the other hand, the value of Rdl increased in the whole testing process. The reason of this may be the formation and growth of corrosion product scale. Surface analysis had been carried out to further understand the surface properties, morphology and their effects on electrochemical corrosion behavior. The SEM micrographs showed that some corrosion products were evenly distributed on the surface. It could be concluded from the XRD result that the corrosion product was FeCO3. FeCO3 distributed on the specimen sparsely, which speeded up instead of retarding the corrosion of P110 steel. Although Nesic [12] reported that FeCO3 can be protective under certain conditions, the conditions are critical. FeCO3 would be dangerous when the rate of FeCO3 formation is slower than the rate of corrosion. That means the protectiveness of FeCO3 is relying on its growth rate. R.A. De Motte [33] thought that the rate of corrosion and the local degree of saturation both play an important role in the initial stage of precipitation of FeCO3. The predominant reactions on the corrosion process were shown below [6, 12, 15, 34, 35] : 
Results at 90℃
The polarization curves of P110 steel at the beginning and the end of the test at 90℃ was presented in Figure 7 . Results of fitting polarization curve were listed in Table 6 . Unlike at 60℃, the corrosion potential shifted in varying degrees with the increasing of CO2 partial pressure and the extension of immersion time. The corrosion potential shifted towards the negative direction from -516 mV to -599 mV at 1.0 MPa as showed in Table 4 . However, the corrosion potential at 2.5 MPa shifted towards the positive direction from -612 mV to -574 mV. The anodic Tafel slope ba barely changed, while the cathodic Tafel slope bc had a relatively larger change. So the experiment conditions had a more significant effect on the cathodic process. Furthermore, the cathodic Tafel slopes bc were bigger than the anodic Tafel slopes ba, which indicated that the cathodic process was dominated in the electrode reaction. On the other hand, the corrosion current density all decreased after immersed for 72h at different CO2 partial pressures. The corrosion current density under 2.5 MPa was higher than that under 1.0MPa. That is, the corrosion rate was faster in the initial time, and decreased with the corrosion proceeding. Corrosion rate would be accelerated by raising the CO2 partial pressure. (Fig. 8b ) was used to fit and the results were listed in Table 7 . At the initial stage of experiment, the impedance arc had a small radius and the charge-transfer resistance Rct was 47 Ω·cm 2 . As the experiment continued, the radius of the impedance arc increased sharply, which indicated the decreasing of corrosion rates.
Besides the initial stage of the test, the charge-transfer resistances Rct at 90 were bigger 2 to 3 times than that at 60℃.These results are consistent with the data of weight loss. The reasons behind this phenomenon might be caused by corrosion products. The SEM micrograph and XRD pattern were presented in Figure 9 . It could be obtained from the surface analysis that there was a dense layer of corrosion products on the surface of electrode. The main components of corrosion products was Fe2O3, and there was also a small amount of Mg3Ca(CO3)4. At the initial stage of experiment, there was no corrosion product on the electrode, and the electrode directly contacted with the electrolyte leading to a high corrosion rate. As experiment proceeding, Fe2O3 gradually overlay the surface of electrode, which made the corrosion rate decrease. The resistance of corrosion product film R1 increased gradually. The change of R1 illustrated that the corrosion product film thickened gradually during the test process, which slowed down the corrosion rate.
Fe2O3 film is usually dense enough to slow down the corrosion of metallic materials. So when the product film transformed from FeCO3 to Fe2O3, the corrosion rate decreased sharply, and this fitted well with the weight loss results and the change of the charge-transfer resistances Rct. At 90℃, a small amount of Mg3Ca(CO3)4 was found on the corrosion product film. The existence of impurity Mg3Ca(CO3)4 wrecked the dense structure of Fe2O3 film. Sun [36] believed that the inhomogeneous precipitation cased the initiation of localized corrosion. Pitting corrosion occurred in these defective areas. Figure 9 . SEM micrograph and XRD pattern of P110 steel at 90℃ and p CO 2 =1.0 MPa
Discussion
The temperature and the CO2 partial pressure both had the ability to change the corrosion style and corrosion rate of P110 steel in simulated oilfield produced water. The temperature affected the steel corrosion by controlling the formation and diversification of the corrosion products film. At 60℃ ，the corrosion product film was porous and widespread FeCO3 which speeded up the corrosion rates instead of retarding. As reported by Elgaddafi [20] , uniform corrosion is predominant for CO2 corrosion at low temperature (38℃) and high-pressure condition. At 90℃, the mainly corrosion product was Fe2O3, the product film was dense and adhering. And as a result it slowed down the corrosion rates significantly. Whereas the inhomogeneous precipitation Mg3Ca(CO3)4 cased the initiation of localized corrosion. So the temperature could change the corrosion style from uniform corrosion to pitting corrosion by controlling the corrosion products whereas the pressure just changes the corrosion rate. At low temperature (40℃, 60℃ and 80℃), CO2 partial pressure had a substantial impact on the corrosion rates. The influence of CO2 partial pressure on corrosion rates became weak when the test temperature exceeded 80℃, and it could hardly affect the corrosion rates at 110℃ but it exacerbated the pitting corrosion.
CONCLUSIONS
1. As the temperature increased, the corrosion of P110 steel increased until it reached a peak value, and then decreased. Regardless of CO2 partial pressure, the maximum corrosion rate was found at 60℃. 2. The existence of CO2 enhanced the corrosion of P110 steel. At lower temperature, it affected the corrosion significantly, and this effect weakened at high temperature (90℃). 3. The temperature was the determining factor of pitting corrosion, while the CO2 partial pressure could exacerbate the pitting corrosion. 4. At 60℃ the incomplete FeCO3 film enhanced the general corrosion. At 90℃, the corrosion products were Fe2O3 and Mg3Ca(CO3)4. The dense Fe2O3 film restrained the general corrosion, while the existence of Mg3Ca(CO3)4 induced the pitting corrosion.
